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ABSTRACT
A study was conducted to determine the effect of waves on oil spill
drift.

The investigation was performed in a long narrow tank equipped

with a mechanical wave generator at one end and a beach to suppress wave
reflection at the other end.

It was found that a special procedure for

taking data was necessary in order to assure that the data was consistent
and that the waves were indeed deep water waves, and therefore similar to
open ocean conditions.
The data indicated that waves do influence oil spill movement, and
the velocity of the oil was found to be greater than that predicted by
Stokes• mass transport theory for gravity waves in a single component
fluid.

In addition, it was found that the velocity of the oil lens

increased as a function of the diameter of the lens until the diameter
was greater than one wavelength.
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INTRODUCTION
The Torrey Canyon disaster
oil is introduced to the ocean.

[1]

typifies one way in which crude

Less spectacular but probably more

harmful to the environment is the oily ballast of an ever increasing
number of tankers and supertankers.

Seepage from sunken tankers and

naturally occurring oil leaks contribute to the problem.

If left on

the ocean for a sufficient length of time, the oil will be reduced to
an asphaltic substance by the combined actions of evaporation, dissolution, oxidation, emulsification, and bacteria [l ].

This results

in little direct damage to marine life, but the long range damage is
still a matter of speculation and study.

When the oil washes ashore,

the damage is much more severe and well known.

Shore marine life is

badly damaged, beaches of recreational value lose this value, and any
waterfowl, usually found near the shore, will almost always perish if
it comes into contact with the oil [2].

Still, there will always be

the loss of this valuable resource unless methods which allow the
reclamation of this resource are utilized.
The damage done by oil spills can be alleviated if tl1ey are
detected early, traced to their origin, and cleaned from the water
quickly and efficiently.

Early detection allows more time for the

deployment of cleanup equipment and makes the task of finding its
source easier.

Some methods that could be employed are remote

detection from the airplanes or weather satellites, and on-site
surveilance by ship or special buoys equipped with oil sensors.
Tracing the oil to its origin will place the financial burden
of dealing with the spill on the party responsible for the spill.
Possible schemes for tracing the spill are:

1)

analyzing the oil's

2

characteristic mineral deposits to give the approximate geographic
origin of the oil and thus the shipper, 2)
active tracers before it is shipped, 3)

tagging the oil with radio-

records of weather conditions

would enable the path taken by the oil to be computed, based on the
known effect of the wind and waves on oil spill drift.
Oil can be removed from the open ocean by using straw as an
absorbent, or skimmers that remove the top layer of oil and water and
separate them returning the cleaned water to the ocean.

Floating

booms in which the oil can be contained and concentrated are an aid
with these skimmers.

The boom and skimmer method is presently under

advanced study by the U.S. Coast Guard.
Efficient deployment of cleanup and containment equipment is dependent upon the knowledge of the immediate and future drift velocities
of the oil spill.

Physical mechanisms such as wind, current, and

waves [3] are the cause of the oil drift velocity.

If this dependency

is known, the path of the oil can be computed; however, this has not
been accomplished to date.

1

An attempted correlation between wind and oil drift was made
during the Torrey Canyon disaster [1].

A path was predicted by

assuming the oil moved with 3.3% of the wind ' s velocity.
path and the actual path are shown in Figure 1.

The computed

The deviations imply

the oil path is not solely dependent upon the wind.

The twelve hour

period of tidal currents rules these currents out as a possible cause
1The author is presently researching the feasibility of applying the
data from this project, the effect of waves on oil movement, and a soon
to be completed project that will find the added effect of the wind to
the waves, to compute the past and future path of spilled oil based on
the weather conditions, past and future, particularly the wind conditions.

3

of the deviations.

Similarly, the constant action of the coastal

currents could not have caused the deviations.

This suggests that

the deviations were caused by wave induced surface drift.
G.G. Stokes [4] has shown theoretically that there is a surface
drift caused by wave action.

Using physical parameters from naturally

occurring wind waves as input, Stokes' theory predicts that waves can
move the oil with up to 2.9% of the wind velocity that created the
wave [3].

Data from this investigation indicates wave induced drift

velocities are greater than those predicted by Stokes.

The purpose

of the research reported herein was to measure the wave-induced surface drift.

This objective was attained by designing an experiment

and apparatus which would produce deep water gravity waves in a
controlled laboratory environment.
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Figure 1. Actual path of an oil slick versus path predicted by assuming that the oil moves at 3.3% of the wind's velocity. The dots on the
solid line mark 00.00 hours on successive days. (Taken from reference
1, J.E. Smith, Torrey Canyon Pollution and Marine Life, p. 157.)
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THEORY
The preceding section outlined the surface drift effect of waves
on oil and proposed that this can be predicted by the application of
Stoke's mass transport theory.

Stoke's theory shows that there is a

net mass transport at a water-air interface that is disturbed by a
deep water wave.

This mass transport is characterized by a net water

velocity that is maximum at the water's surface and decreases exponentially to zero at a depth approximately equal to one-half the wave
length.

Note, a deep water wave refers to a wave in water of depth

equal to one-half the wave length or greater.

This velocity is given

by
V = n

2

( H/ L)

2

C ex p (- 4 y I L) ,

(l )

where H/L is the wave height to length ratio, C is the wave speed, and
y is the distance below the water's surface at which the velocity occurs.
5
4
Typical oil lens thickness to wave length ratios are 10- to 10- ;
therefore, at the oil water interface the exponent (-4 y/L) is essentially zero.

Thus for predicting oil lens velocities at the water's

surface Stoke's theory becomes
(2)

Representative oil velocities predicted by this theory can be
found if the height to length ratios (H/L) and wave speeds (C) are
known.

waves in the oceans are created by the wind and values of H/L

and C are very transitory.

Introducing a wave age ( 'Have speed over

wind speed (C/U)) these parameters (in equation 2) can be related as
shown in Table 1 [5].

Applying these values to the simplified form

6

Table l.

Correlation between the age and the steepness of

growing waves.
W.T. Edmonson,

(Taken from reference 5, H.B. Bigelow and
~Jind

t..Javes at Sea, Breakers and Surf, page

31 ) .

Age of wave, expressed as
wave velocity divided by
wind velocity (C/U)
0.1

- 0.5

Steepness of wave
(H/L)

0.076

.6

.070

.7

. 061

.8

.053

.9

.046

1. 0

.040

1. 1

.035

1. 2

.031

1. 3

.028

1. 4

.025

7

of Stoke's theory produces the fractions of the wind velocity attainable by the oil.

A maximum of about 3% was found to occur at C/U equal

to .6 as shown in Table 2 [3].
The equations presented above are valid only for a one component
fluid.

However, under certain circumstances the two component system

(oil on water) might be represented by the equations given above.

An

investigation was inaugurated to test this assumption that would incorporate the construction of an apparatus that would be suitable for
evaluating the effect of waves on stable oil lens movement and compare
this with the effect predicted by the simplified Stoke•s theory (equation 2).
The remainder of this report deals with the construction and preliminary design of this apparatus and experiment.

8

fable 2.

Oil velocity versus age of wave.

(Computed from

Table 1 and Equation 2).

Age of wave, expressed as
wave velocity divided by
wind velocity (C/U)
0.1 - 0 . :),--

oil velocity

v!i nd ve 1oc i ty

x lOO%

0.57 - 2.85

.6

2.90

.7

2.56

.8

2.20

.9

1. 86

1 .0

1.58

1.1

1. 19

l. 2

1. 12

l. 3

1. 01

1.4

0.82
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THE EXPERIMENTAL APPARATUS
Following the suggestions presented in "Waves and Beaches"
[6]

by Willard Bascom, the apparatus was designed to consist of a

long narrow channel equipped with a wave generator at one end and
a beach (to suppress wave reflection) at the other.
The Tank.
channel.

First priority was given to the construction of the

Limited by room size, the length of the tank was chosen

to be 20 feet.

A tank of this length could easily be placed in

any of the rooms available while still allowing a 4 foot section for
the wave generator, an 8 foot section for the beach and an 8 foot
section for the testing.

Scaling factors associated with lens size

and wave length suggested that the testing section depth be 2 feet
for the production of deep water waves.

This depth allows a maximum

wave length of 4 feet before the wave starts to interact with the
bottom of the tank.

It was later found that design limitations of

the wave generator restricted the wave length to 2 feet.
Comparing the ratio of the approximate size of spilled oil patches
(40 to 50 feet in diameter) [1] to ocean wave lengths (200 to 250
feet, average)

[5]

indicated that a 3 to 4 inch diameter lens would

give the same ratio for the waves generated in this apparatus.
This indicated that a tank 1 foot wide would be sufficient.

Boundary

layer measurements conducted later found that the oil lens had to
be within l inch of the tank walls in the test section before

10

its velocity was significantly affected [8].

The width was found to be

a hindrance during this investigation when it was observed that the oil
lenses moved faster as their diameter approached one wavelength.

A tank

wider than the longest wave tested would have been more suitable.
Figure 2 is a drawing of the actual wave tank.
of five 4 foot sections.

The tank consisted

Four of these sections had glass sides for ob-

servation and the measurement of wave height.

The other section had

steel sides to support the stresses induced by the wave generator.

Sup-

port of the glass sides was given by a 3 x 3 inch angle iron frame which
provided sufficient strength to minimize any vibrations that could produce unwanted waves.
The Wave Generator.
sidered [6].
3).

Several types of wave generators were con-

They were the wedge, piston, and paddle type (see Figure

All of the three types are driven, through a crank and rod assembly,

by a variable speed motor.

The wedge is driven up and down, and the

piston (a vertical plate) is driven back and forth, while the paddle
type is rotated clockwise and counterclockwise through a small angle,
about a point where the plate (or paddle) is hinged at the bottom of the
tank.

For all three, a change in motor speed will change the wave length

while changing the stroke of the crank will alter the wave height.

The

paddle type is probably the simplest of the three and easiest to construct,
and was therefore chosen for this project.
Figure 4 is a drawing of the wave generator as it appears fully assembled.

The paddle is connected by an arm to a pin that can be located

at any radius from 0 to 5 inches from the motor shaft.
eccentricity of this pin the wave height is varied.

By adjusting the

The motor could

deliver 1/2 hp at speeds from 50 to 500 rpm with continuous variation

WAVE GENERATOR

STEEL SIDES

GLASS SIDES
"3x3 ANGLE
~
IRON FRAME
4'

I

5 6
Figure 2. Wave Tank
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WEDGE TYPE

PISTON TYPE

Figure 3.

Wave Generating Mechanisms

PADDLE TYPE

1---'
N

DRIVE MECHANISM

PADDLE

WATER LEVEL

Figure 4. Wave Generator
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and thus the wave length could be continually changed.

Table 3 shows

the range of wave sizes that were used in this investigation.

It was

found that the same wave size could be repeated accurately by placing
the driving mechanism at the same eccentricity and rotational speed.
The rotational speed could not be measured directly but a hand-held
tachometer equipped to read a linear speed was used to measure the
speed of the rim of the driving wheel.

This enabled the calibration of

the wave generator which made continuous monitering of the wave size, a
time consuming process, unnecessary.

Table 3 shows that the full ca-

pacity of the wave generator was not used.

This was becuase at very

high speeds the waves became so steep that they became unstable, and at
low speeds the oil lenses move too slowly for accurate data to be
obtained. 2
The Beach.

As the waves travel the length of the tank, they even-

tually approach the opposite end where they will either be destroyed
or reflected.

If they are reflected, the wave pattern in the tank will

eventually become a standing wave and this is useless for this investigation.

However, the waves can easily be destroyed by constructing a

sloping wall (beach) at the end of the tank.

When the waves approach

this sloping wall, they break and roll causing a loss of most of their
energy in turbulence.

The remaining energy is, however, stored as

potential energy as the wave climbs the beach.

This water can be pre-

vented from falling back and creating unwanted waves by cutting
horizontal slits in the beach.

It was noticed that these slits gave

the beach the appearance of a louvered closet shutter, commercially
2sackflow had begun to occur before the end of the data run
(see page 23).

Table 3 Wave generator capabilities
Frequency
of Dr-iver

(Hz)

(rpm)

l. 71
2.08
1. 39
1. 72
2.10
l. 39
1.74
2.12
1. 39
1. 74
2.12
1.74
2 .11
2.75
1.74
2.11
2.78

102.5
125.0
83.5
103.0

126.0
83.5
104.5
127.0
83.5
104.5
127.0
104.5
126.5
165.0
104.5
126.5
167.0

Stroke
(at top of paddle)
(in.)
2.4
2.4
2.0
2.0
2.0
l. 6
1.6

1. 6
1.2

l .2
1. 2
.8
.8
.8

.4
.4
.4

Wave Length

(L)

Wave Height

(H)

(in.)

(in.)

H/L

21.64
15.83
31.22
20.79
15.27
30.90
20.10
14. 19
31.08
20.65
13.94
20.17

l. 67
1. 53
1.36
1. 35
1.39
l . 12
1.08
1. 21
.82
.78
.92
.54
.59
.67
.24
.27
.27

.077
.097
.044
.065
.091
.036
.054
.085
.027
.038
.066
.027
.043
.078
.012
.020
.034

13.93
8.54

20.39
13.69
8.12

--'

tn
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available at most lumber supply stores.

A little experimentation

quickly showed that this design worked very well.

The configuration

shown in Figure 5 was used and was found to satisfactorily reduce
the wave reflection to essentially zero while consuming a relatively
short portion of the tank length.

It was found that the slope of the

shallow section must be changed as the wave height is changed; thus
small waves would need a correspondingly small beach slope.

The slope

of the first section influences only the very large waves that disturb
the water at this depth.

It was also determined that the louvers of

the shutter should be almost completely shut.

SUPPORT RODS (ADJUSTABLE)

ADJUSTABLE SLOPE

6 °-10 °

Figure 5.

Louvered Beach

t
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DATA COLLECTION METHODS
As can be seen from equation 2, to evaluate the water's surface
velocity as predicted by Stokes, the wave speed,
height must be known.

·~vave

1ength and wave

This velocity can then be compared to the actual

1ens velocity.
Wave speed and length can be related by
L

=

( 3)

CT ,

where L = wave length
C = wave speed
T
Wave Length Measurement.

=

wave period .

The period can be easily measured directly

from the wave generator and it was found that the wave speed could be
found quite satisfactorily with the apparatus shown in Figure 6.
clock shown measured the interval between two electric signals.

The
By

positioning the probes at the water's surface, a wave would alternatley
open and break the circuit of which the water was part.

As a wave crest

touched the first probe, the circuit was completed and the clock was
started.

The second probe was raised during this time as a signal here

would stop the clock.

As the wave crest preceding the measured one

traveled under the second probe, this probe was lowered where contact
with the measured wave stopped the clock.

This gave the wave speed by

measuring the time the wave took to travel 84 inches.

From this and

using equation 3 along with the measured period, the wave length could
be calculated.

IMPULSE HERE
STOPS CLOCK,
ELECTRODE IN
RAISED POSITION

0 0

CENTRAL SECTION OF TANK

Figure 6.

Wave Speed Measuring Apparatus

IMPULSE HERE
STARTS CLOCK

20

Wave Height.
the wave height.

Figure 7 is a typical picture which was used to find
A flood light directed down into the tank caused the

meniscus to show as a bright line.

A time exposure of a wave would pro-

duce the bright bands shown in Figure 7.

Using a 135 mm. telephoto lens

and a 16 mm. extension tube on a 35 mm. camera gave the limited depth of
field and magnification needed to read the height from the scale attached
to the glass wall.

The scale had 50 divisions per inch.

Using this data,

the water surface velocity predicted by Stokes can be calculated for any
wave that was made in the tank.
To find the comparable oil velocity, a dimensionally stable lens
was placed approximately 1 to 2 feet in front of the test section.

This

allowed the waves to become steady before the lens reached the 2 foot
section where its velocity was measured.

The dimensional stability was

achieved by using paraffin oil which contained no detergents that would
cause the lens to spread continuously.
Oil Lens Speeds.

To obtain meaningful data, a special procedure

for taking data was developed that consisted of a run for taking data
and a long period in which the water was cleaned and allowed to become
quiescent.
It was necessary to clean the surface of the water to keep the dust
and traces of oil from collecting at the beach and creating a barrier
that could slow and even stop the oil lens.

Two one-half inch diameter

holes drilled in the end of the tank behind the beach at the water level
allowed the surface contamination to be skimmed from the water surface.
The water was continually replaced at this end of the tank so as not to
disturb the water in the rest of the tank.

In addition, the tank was

covered and air was allowed to blow over the water from the wave generator

Figure 7.

Wave height time exposure.

Figure 8. Partic l e drift showing backflow, wave
direction right to left .

22

toward the beach to aid in the skimming of the water.

The cover, in

addition to keeping dust from settling on the water, kept the air currents from the room air vents from influencing the oil lens velocity.
A short time before each data run, the skimming was stopped and any
minute traces of contaminate were allowed to spread unifonnly over the
entire tank.

Thuss contaminants could not build up during the short

time of the data run to influence the oil velocity.

This hypothesis

was tested by draining and thoroughly cleansing the tank to find that
the procedure made no difference in the oil velocity.

23

PREVIOUS INVESTIGATIONS
Previous investigations by Russel and Osorio
flow of water at mid-depth in their tank.

[7]

reported a return

This backflow is assumed to

be caused by water returning from the end of the tank where it was transported by the waves; this must be done in order to conserve mass.

In

this study, a strong backflow was found near the bottom of the tank
(see Figure 8).

These currents might influence the surface drift velo-

city; however, this peculiar velocity profile was not found during the
first few minutes of operations.
16.

This is shown in Figures 9 through

These figures are one-half second exposures of chalk dust particles

as they fall vertically through the water.

The vertical lines of Figure

9 show that the water was initially quiescent at the beginning of the
test run.

Figures 10 and ll show the arrival of the first waves, 5 and

10 seconds later respectively, which are indicated by the circular orbits.
Comparing Figure 12 with ll indicates that the circular orbits at the
water surface are the same size, indicating that the waves are steady.
Figure 16 still shows no sign of the currents seen in Figure 8.

Figure

16 was taken 105 seconds after the wave generator was started, indicating
that there was no backflow up to this time.

This shows that there was

no backflow present that might have influenced drift velocities when the
data was taken, since each data run was approximately 100 seconds.

These

figures are for a wave 13.69 inches in length and .27 inches in height.
The same experimental observations were made for all wave sizes studied
in this program.

In each case it was over 100 seconds before any cur-

rents were present below the surface current.

Figure 9. Particle drift at start of wave
generator , wave direction right to left.

Figure 10. Particle drift 5 seconds after start
of wave generator, wave direction right to left.

Figure 11. Particle drift 10 seconds after start
of wave generator, wave direction right to left.

Figure 12. Particle drift 15 seconds after start
of wave generator, wave direction right to left.

Figure 13. Particle drift 30 seconds after start
of wave generator , wa ve direction right to left.

Figure 14. Particle drift 60 seconds after start
of wave generator, wave direction right to left.

Figure 15. Particle drift 80 seconds after start
of wave generator, wave direction right to left.

Figure 16. Particle drift 105 seconds after start
of wave generator, wave direction right to left.

28

EXPERIMENTAL RESULTS
Results of this investigation are shown in Figure 17.

The wave

conditions are typical for the range obtainable with this apparatus,
with a wave length of 10 to 20 inches and a steepness range of .01 to
0.07.

The lens velocity did not behave as predicted by the Stokes'

model since velocities ranged from 25 to 100% greater than those predicted by the theoretical Stokes' equation.

In addition, it can be

seen that on the average the larger lens was faster than the smaller
one.

Tests made with long narrow floats

[8]

indicated that the float

velocity increases as the float length until the float length equals
the wave length.

Data from a more recent investigation using a wide

tank and large round floats are in agreement with earlier experimental
data using long narrow floats, indicating float width had no effect.
This is shown in Figure 18.
It can be speculated that a complex shearing action between the
water surface and the float causes the average velocity of the float
to be greater than predicted by Stokes.

This difference in average

velocities can be accounted for by adding the empirical relation
.445(H/L) C,
to Stokes' modified equat i on.

Thus an empirical

r el ~~ io 11

for oil lens

drift velocity is,
V

= n

2 (H/L) 2 C + .445(H/L) C.

(4)

Figure 19 shows that this equation is in good agreement with the
speeds measured for the small oil lenses and a wave length of 20 inches.
Jetailed results of this investigation are presented in reference [8].
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measured by using round floats of different radii.
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Figure 19. Comparison of the modified surface drift
equation with experimental data for waves of 20 inches
in length.
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CONCLUSIONS AND RECOMMENDATIONS
Since the method of collecting data avoided all the surface disturbances that would tend to slow the lens and, in addition, avoided
the subsurface backflow reported by previous investigators, the data
collected should be more representative of open ocean conditions.

The

25 to 100% greater velocities than Stokes implies that Stokes' theory
does not apply to the two component system studies here.
As recommended, a wider tank was constructed in order that the
testing of lenses as large as one wavelength could be done.

In addition,

this tank is equipped with a wind tunnel in order to study the effect
of the combined action of the wind and waves on oil spill movement.
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